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Epithelial self-healing is recapitulated by a 3D
biomimetic E-cadherin junction
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Epithelial monolayers undergo self-healing when wounded. During
healing, cells collectively migrate into the wound site, and the
converging tissue fronts collide and form a stable interface. To heal,
migrating tissues must form cell-cell adhesions and reorganize from
the front-rear polarity characteristic of cell migration to the apical-
basal polarity of an epithelium. However, identifying the "stop sig-
nal" that induces colliding tissues to cease migrating and heal re-
mains an open question. Epithelial cells form integrin-based
adhesions to the basal extracellular matrix (ECM) and E-cadherin-
mediated cell-cell adhesions on the orthogonal, lateral surfaces be-
tween cells. Current biological tools have been unable to probe this
multicellular 3D interface to determine the stop signal. We
addressed this problem by developing a unique biointerface that
mimicked the 3D organization of epithelial cell adhesions. This "min-
imal tissue mimic" (MTM) comprised a basal ECM substrate and a
vertical surface coated with purified extracellular domain of E-cad-
herin, and was designed for collision with the healing edge of an
epithelial monolayer. Three-dimensional imaging showed that ad-
hesions formed between cells, and the E-cadherin-coated MTM re-
sembled the morphology and dynamics of native epithelial cellcell
junctions and induced the same polarity transition that occurs dur-
ing epithelial self-healing. These results indicate that E-cadherin pre-
sented in the proper 3D context constitutes a minimum essential
stop signal to induce self-healing. That the Ecad:Fc MTM stably in-
tegrated into an epithelial tissue and reduced migration at the in-
terface suggests that this biointerface is a complimentary approach
to existing tissue-material interfaces.

cadherin | wound healing | biomaterial | biomimetic | collective migration

Tissue—tissue interfaces play important roles in a variety of
cellular processes from morphogenesis (1, 2) to wound healing
or self-healing (3, 4) and to tumorigenesis (5, 6). During self-
healing, two separated tissues of the same type meet and merge to
heal an injury (3, 7, 8). Self-healing is typically studied in vitro by
introducing a gap wound into sheets of epithelial cells (a mono-
layer), and following the self-healing process (9) (Fig. 1). Initial
expansion into the wound site occurs by collective cell migration
guided by the front-rear polarity of leader cells along the leading
edge of the monolayer (3, 7, 10) (Fig. 14). When converging tissue
fronts collide, there must be a “stop signal” that inhibits further
migration and promotes cell-cell adhesion (3 and table 1 in ref.
11), ultimately resulting in a transition from unstable, migratory
front-rear polarity to the stable, apical-basal polarity characteristic
of a simple epithelium (Fig. 1B). This process of collision, rec-
ognition, adhesion, and repolarization, called “contact inhibition
of locomotion” (CIL), broadly refers to changes in cellular be-
havior upon collision with other cells (4). Classical CIL involves
both collision and subsequent repulsion of cells and is relatively
well characterized (4, 12). In contrast, self-healing is a special case
of CIL and subject to different rules because wounds must heal
without reopening (or involving repulsion), necessitating stable
cell-cell adhesion and cell polarity transition. Here, the underlying
stop signal that triggers healing is poorly understood due to the
diverse cell-cell interactions at, and 3D nature of, the healing
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interface (3, 4, 13). Characterizing this stop signal can help us
understand better how tissues recognize other tissues and, if it can
be incorporated into a synthetic object, might advance the devel-
opment of biomaterials that more closely resemble cells.

Cell—ell adhesion has long been linked to CIL. Abercrombie
and Heaysman (8) first hypothesized that cellcell adhesion served
a dual role in inhibiting migratory polarity and promoting cell—cell
recognition and attachment between homotypic (mutually similar)
cells and tissues (4-6, 11). Homotypic adhesive interactions often
involve cadherins. Although N-cadherin is well characterized with
respect to classical CIL, it commonly induces cell repulsion rather
than stable adhesion (4, 14). By contrast, E-cadherin is a good
candidate to contribute to the stop signal because it promotes stable
attachment by directly regulating cell-cell recognition and adhesion
(12), cell migration via integrin cross-talk (15), and cell polarity
(16). However, technological limitations have made it difficult
to demonstrate if E-cadherin simply contributes together with
other proteins, or if it is minimally essential to the self-healing
stop signal.

Prior reductionist assays have elucidated the role of cadherins in
cell—cell junction dynamics using 2D substrates conjugated with pu-
rified N-cadherin or E-cadherin (17-21), 2D substrates copatterned
with E-cadherin and extracellular matrix (ECM) (15, 22), or 3D
microwells containing single cells uniformly coated with a single
protein type (23, 24). However, none of these interfaces are designed
to be homotypic to epithelial cells, because 2D copatterned sur-
faces lack the 3D geometry of a native junction and microwells
coated with a single protein lack the bifunctionality of native
junctions (basal ECM vs. lateral cadherin adhesions). Further, cell
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(G confocal rendering
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functionalize sidewalls with Ecad:Fc

A FWEAAN

E ¥ Ecad:Fc
barrier between F remove barrier
monolayer and MTM  cells approach MTM

Ecad:Fc-Cy5
Fibronectin-488

Fig. 1. Overview of epithelial self-healing and the MTM. (A-C) ECM (green),
E-cadherin (red), and Ecad:Fc (magenta). (A) Epithelia migrating to fill a gap
wound; note lamellipodia at leading edges of the wound. (B) Postcollision
healed state. (C) Substituting the MTM for a tissue. (D) Schematic of MTM
functionalization with Ecad:Fc using Protein A/G and aldehyde silane (S/
Materials and Methods). (E) Monolayer seeded within a temporary barrier.
(F) Removal of the temporary barrier; the monolayer is allowed to expand
and heal against the MTM. (G) Confocal reconstruction of MTM interface
demonstrating the right angle geometry of proteins (section in F), Fibro-
nectin-Alexa 488 (green), and Ecad:Fc-Cy5 (magenta). (Scale bar, 20 pm.)

adhesions on 2D surfaces patterned on glass with E-cadherin ex-
hibit atypical protrusions and large “E-cadherin plaques” (15, 21,
22) not found in native cell-cell adhesions (25). These approaches
are also limited to studying single-cell responses, because the
presence of multiple cells would complicate results on 2D sub-
strates and be incompatible with single-cell, 3D microwells (15).
Thus, existing 2D E-cadherin interfaces are valuable for single-cell
studies, but they are not compatible with the 3D geometry and
multicellular scale of epithelial tissue self-healing.

We addressed these problems by replacing one of the two tis-
sues in the classical wound healing assay with a synthetic 3D ob-
stacle designed to be homotypic to tissue (Fig. 1C). This “minimal
tissue mimic” (MTM) recapitulated the 3D architecture of native
Madin-Darby canine kidney (MDCK) epithelial adhesions by
combining a 2D basal ECM surface with a 3D vertical surface
coated with correctly oriented E-cadherin extracellular domain
fused at the C terminus with Fc (Ecad:Fc) MTM (Fig. 1C). Using
the Ecad:Fc MTM, we showed that the 3D presentation of
E-cadherin is sufficient to induce proper 3D adhesion and stop
cell migration, and to cause a transition in cell polarity from front-
rear to apical-basal. Thus, the Ecad:Fc MTM may provide a
minimal essential stop signal for epithelial self-healing.

Results

Building the MTM. MDCK cell monolayers are widely used as an
in vitro model epithelial tissue that forms cell adhesions with a
characteristic “right angle” morphology comprising a basal integrin/
ECM surface and lateral E-cadherin/cell-cell contact surface (25)
(Fig. 1B, Right). This orthogonal organization of cellFECM and
cell-cell adhesions, combined with the uniform distribution of
E-cadherin along MDCK cell-cell contacts (25), makes the
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MDCK junction an attractive model system for a 3D biomimetic
junction. We mimicked this organization by separately preparing
ECM-coated glass (the basal surface) and 3D silicone blocks lat-
erally functionalized with E-cadherin, and then combining the two
to capture the right angle orthogonal motif of native epithelial
MDCK cell junctions (Fig. 1C, Right).

MTMs were generated by cutting blocks (0.75 x 7.5 mm) from
250-pm-thick sheets of silicone by razor writing. MTMs were then
coated with Protein A/G via silane linkers. Protein A/G, which
binds the Fc domain of IgGs, was used to immobilize and orient
purified Ecad:Fc (Fig. 1D); Ecad:Fc was expressed in mammalian
HEK?293 cells, and secreted with normal posttranslational modi-
fications (N-terminal prosequence cleavage, glycosylation) char-
acteristic of native E-cadherin. A nonadhesive (inert) control
MTM was generated by substituting Ecad:Fc with Fc. MDCK cells
were seeded on a fibronectin-coated glass dish (Fig. 1B, green
surface) behind an inert silicone barrier (Fig. 1E, blue block), and
allowed to form a monolayer over time.

Once a monolayer had formed, the Ecad:Fc- or Fc-MTM was
placed adjacent to the silicone barrier (Fig. 1E, gray block). Im-
mediately afterward, the first barrier was removed, creating an
~300-um gap (“wound”) between the edge of the monolayer and
the MTM (Fig. 1F, blue block removed); alternately, single cells or
cell monolayers were seeded directly against the MTM. To sim-
ulate wound healing, the monolayer was allowed to migrate up to
the MTM overnight and then analyzed. Fig. S1 presents a low-
magnification view of the system. The 3D functionalization of the
MTM system was validated by confocal microscopy Z-sectioning
with fluorescently labeled fibronectin (HyLite 488 label, green)
and Ecad:Fc (Cy5 label, magenta). The renderings in Fig. 1G il-
lustrate the right angle formed between basal ECM and lateral
Ecad:Fc. Note that all experiments involving cells were performed
with unlabeled Ecad:Fc.

MTM Junctions Capture Key Morphological Properties of Native Cell-
Cell Junctions. We first examined how single cells interacted with the
Ecad:Fc MTM. Scanning confocal microscopy showed that the
integrin focal adhesion protein paxillin (26) localized to the basal cell/
ECM surface and not to the lateral Ecad:Fc MTM surface, whereas
E-cadherin:dsRed (Ecad:dsRed) localized uniquely to the lateral,
cell-Ecad:Fc MTM interface (Fig. 2 4 and B). Hybrid junctions
between the cell and Ecad:Fc MTM had a right angle morphology
similar to native MDCK cell junctions (Fig. 2C), demonstrating
correct spatial and adhesive functionality of the Ecad:Fc MTM.
Single-cell hybrid junctions with the Ecad:Fc MTM exhibited
apparently unregulated expansion over the Ecad:Fc surface, reach-
ing contact lengths of up to 200 pm (mean: 117 + 25 pm) and
heights of 17 + 4 pm (Fig. 2D). The Ecad:dsRed distribution at
hybrid lateral junctions with the Ecad:Fc MTM appeared uniform
(Fig. S24), similar to native E-cadherin cell-cell adhesions in fully
polarized MDCK cells (25), and very different from the distribution
of the focal E-cadherin adhesion plaques formed by cells on 2D
Ecad:Fc substrates (Fig. S2B). These data indicate a significant dif-
ference in how cellular E-cadherin responds to basal (2D) vs. lateral
(3D) presentation of Ecad:Fc, and that the MTM presents a more
physiological interface comparable with native cell-cell adhesion.
We next explored how a monolayer interacted with the Ecad:
Fc MTM. Cells at the monolayer—-MTM interface simultaneously
formed hybrid junctions with the Ecad:Fc MTM and native
junctions with neighboring cells (Fig. 2E). We compared the 2D
and 3D junction morphologies (Fig. 2E, cartoon) between hybrid
and native junctions with respect to cell density (SI Materials and
Methods) in confluent monolayers. At low density, control
junction 2D lengths were 42 + 15 pm and hybrid junction 2D
lengths were 49 + 17 pm; at high density, control junction 2D
lengths were 16 + 4 pm and hybrid junction 2D lengths were 24 +
8 pm. In contrast, low-density control junction 3D heights were
4 + 1 pm and hybrid junction 3D heights were 6 + 2 pm; at high
density, control junction 3D heights were 11 + 2 pm and hybrid
junction 3D heights were 10 + 2 um. Both the inverse relation-
ship between 2D contact lengths and density (Fig. 2F and
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C native MDCK junction section

100 um

F 200 G 25
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3 -
0 0

Single Low High Single Low High
Cells Density Cells Density
single cell:MTM junctions / multicellular MTM junctions / native junctions

Fig. 2. Hybrid junctions between cells and the Ecad:Fc MTM recapitulate
native junction morphology. (A-E) E-cad:dsRed (red), paxillin (green), and
Hoechst (blue) are shown. (A) Confocal rendering of single-cell junctioning to
Ecad:Fc MTM. The “MTM plane” label indicates the plane where the cell
contacts the MTM. (Scale bar, 40 pm.) (B) ZY section of A taken along the
dashed line in A. The wall is shaded gray and bounded by the dashed white
line; the panel height is 15 pm. (C) ZY section of native MDCK junction scaled
as in B. (D) Single-cell junctioning with Ecad:Fc MTM. (Right) ZY section. (Scale
bar, 100 pm.) Apparent DAPI signal along the edge of the MTM is an artifact
due to autofluorescence; Ecad:dsRed signal was balanced accordingly.
(E) Formation of multiple cell contacts with the Ecad:Fc MTM. (Left) XY section,
sectioned as in D. (Scale bar, 50 pm.) Cartoon indicates fiducials for junction
length and height measurements. (F and G) Comparisons of single-cell Ecad:Fc
MTM junctions (green), monolayer Ecad:Fc MTM junctions (red), and native
junctions (gray). Hybrid and native junctions are binned into high-density and
low-density populations (S/ Materials and Methods). (F) Junction 2D lengths.
Single-cell lengths: 117 + 25 pm (n = 36). Low density: control = 42 + 15 um
(n =50), hybrid =49 + 17 um (n = 45). High density: control = 16 + 4 pm (n = 78),
hybrid = 24 + 8 pm (n = 42). (G) Junction 3D heights. Single-cell heights: 17 +
4 um (n = 22). Low density: control =4 + 1 pm (n = 40), hybrid =6 + 2 um (n =
45). High density: control = 11 + 2 pm (n = 44), hybrid = 10 + 2 pm (n = 41). ns,
not significant. **P < 0.01; ***P < 0.001; ****P < 0.0001.

Fig. S34) and the direct relationship between 3D contact height
and density (Figs. 2G and Fig. S3B) are well characterized in
native MDCK monolayers (27). Their recapitulation at hybrid
junctions indicates that these junctions experience similar col-
lective, steric regulation as occurs with native junctions. In con-
trast, single-cell hybrid junctions lack constraints and continue to
expand. Such behaviors can be seen in Movie S1, where leader
cells colliding with the Ecad:Fc MTM recruit Ecad:dsRed to the
collision site and begin to expand along the wall in three di-
mensions. Over time, these hybrid junctions encounter neighboring
hybrid junctions, eventually leading to the conditions we have
quantified. Finally, all hybrid junctions at the cell-Ecad:Fc MTM
interface appeared to limit junction height (Z) rather than
spreading up the MTM surface, implying additional cell dimension
regulation in common with both hybrid and native junctions.
Given the morphological similarity of hybrid and native junc-
tions, we examined the levels of cellular E-cadherin and found that
the intensity of Ecad:dsRed fluorescence at hybrid junctions with
the Ecad:Fc MTM reached 90 + 13% (n = 40; SI Materials and
Methods and Fig. S4) of the intensity| at native cell-cell junctions

14700 | www.phas.org/cgi/doi/10.1073/pnas. 1612208113

within the same monolayer, indicating relatively similar levels of
recruitment. We next evaluated localization and levels of the
catenins in the quaternary cadherin—catenin complex: B-catenin,
a-catenin, and p120-catenin. p-Catenin couples the intracellular
domain of E-cadherin via a-catenin to the actin cytoskeleton, and
p120-catenin regulates the stability of the E-cadherin—catenin
complex at the plasma membrane (28). E-cadherin and p-catenin
form an initial complex at the endoplasmic reticulum that traffics
to the plasma membrane; a-catenin and p120-catenin are recruited
after the E-cadherin—f-catenin complex reaches the plasma
membrane (25). We found that all three catenins colocalized with
cellular E-cadherin at the Ecad:Fc MTM interface (Fig. S4 A-C),
and reached the following levels relative to the levels in native
junctions (Fig. S4D): p-catenin = 85 + 19% (n = 30), a-catenin =
86 + 17% (n = 25), and p120-catenin = 93 + 20% (n = 23). These
values approach the levels of E-cadherin found in hybrid junctions
(~90%), which is consistent with the 1:1:1:1 stoichiometry ob-
served between all three catenins and E-cadherin (28). Thus, the
quaternary cadherin—catenin complex appeared to assemble
properly in response to cell binding to the Ecad:Fc MTM.

We next tested how chemical immobilization of Ecad:Fc on the
MTM affected the dynamics of cellular E-cadherin, because in
native cell-cell adhesions, E-cadherin proteins are mobile in the
plane of the membrane and subject to internalization by endocy-
tosis (29). Protein dynamics were assayed using fluorescence re-
covery after photobleaching (FRAP) to compare Ecad:dsRed at
Ecad:Fc MTM junctions and native cell—cell junctions within the
monolayer. We observed a recovery time (,4r) and mobile fraction
(m) of Ecad:dsRed at the Ecad:Fc MTM junction (£, ~135 s and
m ~ 65%) that captured similar trends to E-cadherin dynamics at
native cell—cell junctions within the same monolayer (¢4 ~ 30-240
s, m ~ 25-55%) (28, 30, 31) (SI Materials and Methods and Fig.
S5). The immobility of Ecad:Fc is likely responsible for the ele-
vated mobile fraction and slight reduction in the level of cellular
E-cadherin at the Ecad:Fc MTM. An increased mobile fraction
has been attributed to a reduction in the formation of cadherin
nanoclusters (32), and data from studies using 2D-supported
membranes functionalized with E-cadherin extracellular domain
demonstrated that some degree of E-cadherin mobility is essential
to allow clusters to nucleate and stabilize (19).

The MTM Induces a Transition from Front-Rear to Apical-Basal Polarity.
We next tested the effects of the Ecad:Fc MTM on monolayer
self-healing. We analyzed markers of front-rear and apical-basal
polarity to determine if the monolayer—-Ecad:Fc MTM interface
recapitulated the transition in behavior of self-healing in native
tissues. Importantly, we controlled for the effects of a purely
mechanical barrier on cells by replacing Ecad:Fc with Fc to pro-
duce an inert control barrier.

Cells at the leading edge of a migrating epithelial sheet (termed
“leader cells”) serve as a reference for front-rear polarity (4). As
anticipated, leader cell lamellipodia at the edge of a monolayer
migrating into open space had little or no Ecad:dsRed (Fig. 34,
Left). Cells in contact with the inert control MTM also had little or
no Ecad:dsRed at the monolayer-MTM interface, despite the fact
that the cells were compressed against the MTM (Fig. 34, Center).
In contrast, Ecad:dsRed strongly localized to Ecad:Fc MTM in-
terfaces (Figs. 2D and 4A4, Right).

We examined front-rear polarity changes at the cell-Ecad:Fc
MTM interface by analyzing the F-actin cytoskeleton with phal-
loidin (Fig. 3B). F-actin formed pronounced basal cables along
lamellipodia at the leading edge of cells in an epithelial monolayer
migrating into an open space (Fig. 3B, Left; note white arrows,
XY/ZY sections). Similarly, basal F-actin cables were present all
along the basal-most contact between cells and the inert control
MTM (Fig. 3B, Center), indicating that the front-rear polarity of
F-actin at the leading edge remained at the nonadhesive physical
barrier. In contrast, F-actin in cells at the Ecad:Fc MTM interface
was organized in a cortical ring immediately apical to the Ecad:
dsRed recruitment zone, which was characteristic of the circum-
ferential ring of F-actin at native cell-cell junctions in the rest of
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the monolayer (Fig. 3B, Right; note white arrows, XY/ZY sections
and ZX section for apical F-actin ring) (33); note that F-actin was
not enriched basally at the cell-Ecad:Fc MTM interface, com-
pared with the inert control MTM. The disruption of front-rear
polarity at the Ecad:Fc MTM is particularly apparent when the
ZY sections (Fig. 3B, Bottom) were compared. F-actin at the
Ecad:Fc MTM properly assembled into an apical ring, and F-actin
levels at junctions at the Ecad:Fc MTM reached 66% (+25%, n =
40) of levels within native junctions. This finding is consistent with
previous data indicating that highly mobile fractions of E-cadherin

Ecad:Fc MTM

A l_x, Leading Edge

E-cad:Fc wall

~n E-cad /Hoechst «

]

-~
WA
(7

E-cad / Actin

E-cad / PDX

E-cad /F-Act /
‘MTM plane’ (ZX)

Fig. 3. Ecad:Fc MTM interface induces epithelial polarity. Columns depict
leader cells migrating into an open space (Left) or attached to an inert MTM
(Center) or Ecad:Fc MTM (Right) (same monolayer as in Fig. 2E). (A-C) XY panels
are projected from confocal stacks; corresponding ZY panels are depicted be-
low each corresponding XY panel. (D) ZX sections. Within a column, each panel
depicts the same region of cells. All axes are scaled equally. (Scale bar, 15 pm.)
(A) Ecad:dsRed (red) and Hoechst (nuclear stain; blue) are shown. (Left) Dashed
line indicates outline of lamellipodial border (also ZY section). Compressed
lamellipodium (Center). Cell attachment to Ecad:Fc MTM (Right) with arrow-
head in the ZY panel indicating 3D recruitment of Ecad:dsRed. (B) F-actin
(green) and Ecad:dsRed (red) localization. Arrowheads (Left) indicate basal
F-actin cables (ZY; Center) similar to a leader cell (Right). Note apical F-actin ring
and lack of basal F-actin cables (ZY, ZX below). (C) PDX (yellow) and Ecad:dsRed
(red). PDX localizes to basal leading edge (Left), similar to the leading edge
control (Center). (Right) Apical PDX; compare with cells distal to MTM. (D) ZX
sections showing protein localization at the outermost edge of each cell (Left
and Center) (note similarities in basal F-actin and PDX localization). (Right)
Hybrid junction profile against the MTM (note F-actin ring and uniform Ecad:
dsRed localization). Appearance of intercellular junctions in the ZX profile re-
sults from ZX sections, including regions of native junctions contiguous with the
MTM (Fig. S2A).
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can disrupt cytoskeletal attachment by reducing E-cadherin cluster
formation (32). Additionally, the rigid, inactive nature of the
MTM creates a different mechanical boundary condition than
occurs at a native cell-cell junction, again likely affecting cyto-
skeletal organization and perhaps accounting for the increase in
2D hybrid junction length observed with high density cells.

Completing the transition from front-rear to apical-basal polarity
requires the establishment of distinct protein localizations to the
apical (noncontacting) surface. We stained cells for podocalyxin
(PDX), a canonical apical marker for epithelial cells required for
apical organization and 3D lumen formation (34, 35). PDX staining
localized to the basal lamellipodia of cells at the leading edge of a
monolayer migrating into an open space, and was absent from the
lateral and apical surfaces (Fig. 3C, Left). Cells compressed against
the inert control MTM also exhibited clear PDX staining at the base
of the cel-MTM interface (Fig. 3C, Center; note arrowhead),
compared with the apical surface staining in cells in the rest of the
attached monolayer. Significantly, at the Ecad:Fc MTM interface,
PDX staining was strong over the entire apical surface of the
monolayer, extending up to the Ecad:Fc MTM (Fig. 3C, Right), and
little or no PDX staining was observed along the length of the
MTM surface or at the basal surface. Overall, PDX localization in
cells junctioned to the Ecad:Fc MTM was indistinguishable from
cells forming native cell-cell junctions within the same monolayer
(Fig. 3C, ZY panel). This marked difference in PDX distribution
between the inert control MTM and Ecad:Fc MTM is clearly ob-
served along the length of the contact in the ZX sections (Fig. 3D).
Full 3D rotation renderings of the Ecad:Fc MTM and inert control
MTM are shown in Movies S2 and S3, respectively.

These results demonstrate that (i) a nonadhesive, purely me-
chanical barrier is insufficient to trigger a cellular recognition re-
sponse by contacting cells; (i) the epithelial cell monolayer
recognized the Ecad:Fc MTM as homotypic, based on the local-
ization of marker protein to the basal, lateral, and apical surfaces;
the loss of front-rear polarity; and the formation of E-cadherin
junctions; and (iii) Ecad:Fc alone is sufficient to initiate the cell-
cell adhesions and polarity transition required for self-healing.

The Ecad:Fc MTM Stably Integrates into Whole-Tissue-Like Monolayers.
Fused tissues do not separate after self-healing, as first noted by
Abercrombie (7), indicating the formation of a stable, homotypic
tissue—tissue interface. We examined the stability of the cell-Ecad:
Fc MTM interface by time-lapse fluorescence microscopy of Ecad:
dsRed-expressing MDCK cells labeled with Hoechst (nuclear stain)
over 12 h. Monolayers were grown within 7 x 0.75-mm Ecad:Fc- or
Fc MTM-bounded reservoirs (SI Materials and Methods and Fig.
S6), and cellular migration at these MTM interfaces was compared
with kymographs taken through the center of cells contacting the
MTM. The kymographs (Fig. 44) showed that cells forming hybrid
junctions at the Ecad:Fc MTM exhibited little displacement along
the MTM surface, whereas cells at inert control MTM underwent
rapid displacements parallel to the MTM (Movies S3 and S4). We
did not observe separation events between cells and the Ecad:Fc
MTM, indicating a stable interaction, whereas such events occa-
sionally occurred at the inert control MTM.

We quantified cell-MTM interface stability by tracking cell
nuclei to generate trajectory and velocity data, and compared cell
behaviors at the Ecad:Fc MTM, at the inert control MTM, and in
the bulk monolayer (~350 pm away from the MTM; SI Materials
and Methods and Fig. S6). We extracted four parameters to assess
the stability of cells at the MTM, beginning with the mean mag-
nitude of the component of nuclear velocity parallel to the wall
axis (V))) (Fig. 4B). The VH of cells at the inert control MTM was
twofold faster (~24 pm-h™") than the V| of cells at the Ecad: Fc
MTM or in the bulk monolayer (~11 pm-h™ and ~12 pm- h7
respectively). Thus, the Ecad:Fc MTM and nonadhesive control
MTM effectively acted as a “low-slip” boundary condition and a
“high-slip” boundary condition, respectively.

To characterize the distance traveled by cells along the MTM, we
measured the mean relative displacement of nuclei, used to mark
each cell, from their position at # = 0 h to their position att = ~12 h.
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Fig. 4. Epithelial monolayers stably adhere to the Ecad:Fc MTM. (A) Still
images (Upper, XY) and corresponding 6-h kymographs (Lower, XT) of
monolayers at MTMs. (Left) Behavior at Ecad:Fc MTM; cells remain relatively
stationary throughout experiment. (Right) Behavior at Fc control MTM; cells
tend to translocate rapidly (note the angled trajectories). Images are scaled
equally. (Scale bar, 15 pm.) (B-E) Analyzed cells from three independent
experiments for each condition. All plots have same color legend: Fc control
(CTRL) MTM (green), Ecad:Fc MTM (red), and data from bulk monolayer far
from the MTM (gray). Whiskers on box plots span minimum/maximum
range. (B-D) Inert control MTM (n = 402), Ecad:Fc MTM (n = 642),and bulk
tissue (n = 10,080) are shown. ****P < 0.0001. (B) Mean migration speed
parallel to the MTM (mean + SD): inert control MTM, 24 + 9 ym-h~"; Ecad:Fc
MTM, 11 + 4 um-h™"; and bulk tissue, 12 + 3 pm-h~". (C) Relative displace-
ment of cells from t =0 h to t = 12 h (mean + SD): inert control MTM, 98 +
68 um; Ecad:Fc MTM, 27 + 19 pm; and bulk tissue, 56 + 27 um. (D) Persistence
of migration (mean + SD): inert control MTM, 0.51 + 0.27; Ecad:Fc MTM, 0.24 +
0.15; and bulk tissue, 0.37 + 0.18. (E) Average correlation length for each
condition. Data points fit to C(r) = a * exp(—r/2) with R* > 0.92 for all fits;
error bars are SD (S/ Materials and Methods); dashed line at C(r) = 0.33 can
be used to approximate 1 visually and define the coordination distance.

Cells at the Ecad:Fc MTM exhibited a mean relative displacement
of ~25 pm, whereas cells in the bulk monolayer were displaced
~55 pm and cells at the inert control MTM were displaced ~100 pm
(Fig. 4C). Hence, cells at the inert control MTM were displaced
approximately fourfold more than cells at the Ecad:Fc MTM de-
spite migrating only approximately twofold faster, indicating dif-
ferent forms of cell migration. We investigated this difference by
measuring a third metric, persistence ¢, defined as the ratio of the
relative displacement of a cell to the total distance traversed; ¢ can
range from O (purely erratic motion) to 1 (purely linear motion).
Analysis of cells at different interfaces revealed that ¢gquq.rc = 0.25,
¢ = 036, and e, = 0.55 (Fig. 4D). These results explain
the mismatch between velocity and relative displacement of cells:
PEcaa:re = 0.25 indicates erratic, oscillatory migration with frequent
direction changes that combined to give a large overall distance
traveled, but little relative displacement (~25 pm); ¢ier = 0.55
indicates more directed migration at the inert control MTM, and
hence greater relative displacement (~100 pm); and ¢p,u = 0.36
indicates the lack of an MTM boundary condition and the likeli-
hood of curving trajectories. Ultimately, stability of the cel-MTM
interface stemmed from cell adhesion with the Ecad:Fc MTM and
oscillatory, rather than directed, cell migration.

14702 | www.phas.org/cgi/doi/10.1073/pnas. 1612208113

Finally, we assessed how the presence of the MTM affected
the behavior of cells in monolayers distal to the MTM by cal-
culating the directional correlation length, defined as the maxi-
mum radial distance (A) over which the migration direction
(angle) of a given cell correlated with the migration direction
(angle) of its neighbors (Fig. 4E and SI Materials and Methods).
The directional correlation length of cells at the Ecad:Fc MTM
was up to one to two cell diameters (4 ~ 20 pm), whereas cells at
the inert control MTM were correlated with cells up to five to six
cell diameters (4 ~ 60 pm). For reference, cells within the bulk
monolayer were correlated up to four to five cell diameters (4 ~
45 pm). Although it was expected that the effects of the rapid,
directed migration at the inert control MTM would propagate
relatively far from the wall, it was unexpected that the effects of
the Ecad:Fc MTM would propagate over such a short distance,
especially given the large size of the MTM and the “no-slip”
nature of the boundary condition at the Ecad:Fc interface. Ul-
timately, this effect allows the Ecad:Fc MTM to integrate stably
into the surrounding monolayer while perturbing cell migration
to a lesser extent than does the inert control MTM.

Discussion

We designed the MTM to be generally accessible by requiring
only inexpensive desktop equipment (SI Materials and Methods).
Additionally, the MTM interface can be functionalized with any
protein. This feature could be leveraged to incorporate different
adhesion and signaling proteins (e.g., desmosomes, nectins,
ephrins, Notch/Delta) into the MTM. Ultimately, the ability to
design 3D “cell-like” objects and domains rationally in future
biomaterials, such as in vitro culture substrates or implants
interacting with different tissue types (e.g., percutaneous im-
plants), may allow fundamentally new ways of interacting with
tissue in vitro and in vivo (36, 37).

Here, we used the MTM to demonstrate that 3D presentation
of E-cadherin appears to be a minimum stop signal sufficient to
induce self-healing in healing epithelia. This finding is note-
worthy, given marked differences between the MTM and native
cells in the immobility of Ecad:Fc compared with cellular
E-cadherin, the rigidity of the MTM itself, and the passive nature
of the MTM (e.g., no active contractility). These differences
likely account for the apparent lack of E-cadherin clustering,
slightly lower levels of E-cadherin and catenins and reduced
F-actin levels at the Ecad:Fc MTM interface, and correlation
dynamics. However, they did not prevent the MTM from re-
capitulating the phenomenological behavior of self-healing. This
finding implies that epithelial cells recognized the Ecad:Fc MTM
as sufficiently “homotypic,” and, combined with the reduction in
migration, these observations satisfy the criteria for the self-
healing case of CIL.

The stability of hybrid junctions at the Ecad:Fc MTM (Fig. 4)
may be attributed to the combined effects of the polarity tran-
sition and adhesion to the MTM. Collision with the Ecad:Fc
MTM simultaneously disrupted front-rear polarity (loss of basal
F-actin cables) and cell migration, and induced formation of
hybrid junctions at the Ecad:Fc MTM interface (Fig. 3). By
contrast, monolayers maintained front-rear polarity and exhibited
rapid and directed migration at the inert control MTM, consis-
tent with mechanical “contact guidance”-biased cell migration in
response to topographic cues (38, 39). Hence, stabilization of
hybrid junctions at the Ecad:Fc MTM overrode contact guidance
along the MTM and inhibited migration. This behavior also
occurred when single cells spread, rather than migrated, along
the Ecad:Fc MTM (Fig. 2 D and E). These results differ from
our previously reported studies showing that single cells on al-
ternating 2D stripes of Ecad:Fc and collagen experienced con-
tact guidance with no apparent reduction in the rate of migration
(15). This difference highlights the importance of the 3D context
of cell-cell recognition and adhesion.

The lack of directional migration at the Ecad:Fc MTM had an
unanticipated consequence that may be relevant for future bio-
materials. The single row of relatively stationary cells forming
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hybrid junctions with the Ecad:Fc MTM served as a living in-
terface that attenuated the effects of the MTM on the migration
of cells in the surrounding tissue. This “wolf-in-sheep’s-clothing”
effect appears in the correlation length data: The motion of cells
at the inert control MTM correlated strongly with the motion of
cells many cell diameters away within the monolayer, whereas
the stably adherent row of cells at the Ecad:Fc MTM allowed
independent migration of cells in the monolayer adjacent to the
stable row. Furthermore, the Ecad:Fc MTM resisted complete
envelopment, which can occur with pure ECM scaffolds (40)
and, instead, remained stably embedded in the monolayer for the
duration of the experiment. These phenomena represent be-
haviors at a tissue-material interface that could compliment
traditional ECM scaffolds and culture substrates.

That self-healing could be induced by 3D presentation of
Ecad:Fc contributes to an understanding of epithelial polarity.
Although some reports indicated that E-cadherin junctions are
important for the establishment of apical-basal polarity in epi-
thelia (16), others demonstrated that polarity can be established
and maintained without E-cadherin adhesion (31, 41, 42). These
prior results may indicate redundancy in the epithelial polarity
program (34) and that establishment of an adhesion-mediated
lateral surface is sufficient, but not necessary, for epithelial po-
larity. Results from our analysis of the inert control MTM in-
dicate that geometry alone is not sufficient to define a lateral
surface and induce the transition from front-rear to apical-basal
polarity. This transition required homotypic recognition of
cellular E-cadherin and the Ecad:Fc MTM, indicating that
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E-cadherin is sufficient to drive epithelial polarity when pre-
sented in the appropriate 3D context.

Together, our results clarify a role of E-cadherin as a stop
signal in tissue self-healing and highlight the importance of the
3D context in reductionist assays. Although this approach does
not capture all aspects of native wound healing (e.g., variations
in protein levels, cytoskeletal reinforcement, free migration at
the healed interface), the Ecad:Fc MTM biointerface represents
a synthetic, cell-like object that can mimic cell-cell junctions in
three dimensions and capture key phenomenological aspects of
epithelial self-healing.

Materials and Methods

Full details are provided in SI Materials and Methods. Cells were cultured
within polydimethylsiloxane (PDMS) stencils on fibronectin-coated, glass-
bottomed dishes. Ecad:Fc-coated or control MTM blocks (PDMS) were se-
cured adjacent to the stencil, and the stencil was subsequently removed to
create the gap into which the monolayer expanded and collided with the
MTM. All experiments were performed with MDCK Il (G-type) cells stably
expressing Ecad:dsRed. Cells were imaged using scanning confocal imaging
(Figs. 1-3; FRAP), wide-field epifluorescence time-lapse imaging (Fig. 4), or
spinning disk confocal imaging (Movie S5). Image analysis was performed
with ImageJ (Fiji) and custom MATLAB codes. Statistical n and SD values are
reported in figure legends or in S/ Materials and Methods.
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